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Chapter 1: Introduction 

It has been demonstrated by various researchers that equal channel angular extrusion (ECAE) of structural 

materials leads to refinement of grains to a range from tens to hundreds of nanometer. The grain refinement has 

been regarded as the most viable method for development of the advanced structural materials having a 

combination of properties i.e., high specific strength and good plastic deformabiliry. 

The primary objective of this research was to provide a fundamental understanding on the processing 

science necessary to produce ultra-fine grained (UFG) commercially-pure (CP) Ti and Ti-6A1-4V alloy using 

equal channel angular extrusion (ECAE) process. Major achievements of this research are summarized as 

follows: 

1) Strain accommodation mechanism during ECAE of titanium was investigated. 

Our ECAE studies on CP titanium showed that titanium deforms via entirely different mechanisms 

compared with those of FCC or BCC metals such as aluminum, copper and steel. During the first ECAE pass, 

the strain imposed by ECAE was accommodated mainly by {1011} deformation twinning. After the first ECAE 

pass, however, strain was accommodated primarily by dislocation slip on a system which dependant on 

processing routes of ECAE. In addition, texture developed during the first pass plays an important role in 

determining the slip systems. This new finding should shed some light on grain refining mechanisms of Ti 

during ECAE. 

2) Microstructure development of Ti-6A1-4V alloy during ECAE was investigated. 

Effects of pressing temperature and initial microstructure on ECAE of Ti-6A1-4V alloy were also 

investigated. The ECAE was carried out isothermally using samples with two typical microstructures, i.e., 

Widmanstätten microstructure and equiaxed microstructure. The results indicated that the initial microstructure 

plays an important role in the development of microstructure during the first pass, but its effect diminished with 

increase in ECAE passes. Collaborative research with Dr. Semiatin showed that the effects could be attributed to 

flow softening phenomenon. 



Chapter 2: Microstructure development during equal channel angular pressing of 
titanium 
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Abstract 

The development of microstructure during equal-channel angular pressing (ECAP) of commercial-purity titanium 
was investigated to establish the mechanisms of grain refinement and strain accommodation. Samples were deformed 
at 623 K via three different processing routes: A, B, and C. After the first pass, transmission electron microscopy 
(TEM) revealed that the strain imposed by pressing was accommodated mainly by {1011} deformation twinning. During 
the second pass, the deformation mechanism changed to dislocation slip on a system which depended on the specific 
route. For route C, prism (a) and pyramidal (c + a) slip occurred within alternating twin bands. For route B, prism a 
slip was the main deformation mechanism. For route A, deformation was controlled by basal a slip and micro-twinning 
in alternating twin bands. The variation in deformation behavior was interpreted in terms of the texture formed during 
the first pass and the Schmid factors for slip during subsequent deformation. 
© 2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved. 

Keywords: Equal-channel angular pressing; Titanium; Twinning; Slip; TEM 

1. Introduction 

Equal-channel angular pressing (ECAP) has 
attracted much attention because of its usefulness 
in producing bulk materials with ultra-fine-grain 
(UFG) sizes in the range of 100-500 nm [1-5]. 
There have been many reports of UFG materials 
produced by the ECAP process; these materials 

* Corresponding author. Tel.: +82-314 005 224; fax: +82- 
314 173 701. 

E-mail address: dhshin@hanyang.ac.kr (D.H. Shin). 

include face-centered cubic (fee) (e.g., Al alloys, 
Cu, Ni), body-centered cubic (bec) (e.g., low-car- 
bon steel) and hexagonal close packed (hep) (e.g., 
magnesium alloys) metals [2-16]. During ECAP, 
a sample is passed through a die with two inter- 
secting channels equal in cross section [4-8] and 
deformed via simple shear at the intersection of 
the channels [17-19]. Because the shearing process 
does not alter the dimensions of the sample, a large 
amount of plastic strain (true effective strains as 
large as 10-20) can be imposed via multi-pass pro- 
cessing. In addition, different microstructures and 
textures can be developed by changing the direc- 

1359-6454/03/S30.00 © 2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved. 
doi:10.1016/S1359-6454(02)00501-3 



984 D.H. Shin et al. /Ada Materialia 51 (2003) 983-996 

tion of shear via sample rotations about the longi- 
tudinal axis between passes [9,17,18]. 

The possible application of ECAP to hep metals, 
such as titanium and its alloys, is challenging 
because the deformability of these materials is nor- 
mally inferior to that of cubic metals. This behavior 
is mainly due to the fact that slip occurs primarily 
only on basal or prism planes along the close- 
packed (a) direction. In Ref. [20], for example, a 
slip in titanium was observed to occur along the 
(1120) direction primarily on {10f0} planes and 
less frequently on the {0001} plane. Since a slip 
does not induce a plastic strain along the c axis of 
the crystal, deformation twinning or c + a slip on 
pyramidal planes has been observed to accommo- 
date the plastic strain imposed by conventional 
deformation processes [21-23]. The Jwinning 
planes in titanium are {1012}, {1121}, and 
{1122} at ambient temperatures and {1011} at 
temperatures above 673 K [24]. Furthermore, 
deformation twins have been found to enhance slip 
along the (1123) direction (i.e., c + a slip) on 
{1011} or {1122} planes [23,24]. Several investi- 
gations have been conducted to find an effective 
ECAP route to refine the grain size and enhance 
the mechanical properties of titanium [11,25,26]. 
Among the various approaches, route Bc, in which 
the sample is rotated 90° clockwise between each 
pass, was found to be the most effective in refining 
the grain size [11]. The deformation temperature 
was found to affect grain refinement significantly 
as well [26]. 

Grain refinement during the ECAP of metals 
with cubic crystal structures is controlled by the 
formation of sub-boundaries with high dislocation 
densities [4,5]. By contrast, the deformation of 
titanium during ECAP may be expected to be quite 
different because it involves not only the slip of 
dislocations but also deformation Iwinning. Hence, 
the present work was undertaken to establish the 
deformation mechanisms of titanium during ECAP 
in order to provide insight into optimal methods 
for grain refinement and the improvement of mech- 
anical properties. For this purpose, commercially 
pure titanium was pressed 1 or 2 passes via three 
different ECAP routes (A, B, and C). The micro- 
structure changes during the early stage of ECAP 
are usually very great and often influence micro- 

structure evolution during subsequent passes. 
Microstructure development was determined using 
optical, scanning electron, and transmission elec- 
tron microscopy as well as X-ray diffraction 
(XRD). 

2. Materials and procedures 

The program material consisted of bar stock of 
commercial-purity titanium (grade 2) with an aver- 
age grain size of 30 um. Its composition (in weight 
percent) was 0.07 iron, 0.009 nitrogen, 0.012 
hydrogen, 0.10 oxygen, balance titanium. Cylindri- 
cal samples measuring 18 mm diameterxl30 mm 
length were machined from a titanium bar. Before 
ECAP, the samples were annealed at 1073 K for 
1 h under an argon atmosphere in order to remove 
any residual hot work. After annealing, the texture 
of the material was weak. 

A detailed description of the ECAP apparatus 
used in this study can be found elsewhere [4]. In 
brief, the ECAP die was designed to yield a shear 
strain of ~1.83 during each pass [27]. It contained 
an inner contact angle (<£) and arc of curvature at 
the outer point of contact between the channels (#) 
of 90 and 20°, respectively. Pressing through a sin- 
gle pass or two passes was conducted at 623 K at 
a constant pressing speed of 2 mm/s. The pressing 
temperature was chosen to avoid shear localization 
that characterizes ECAP of commercial-purity 
titanium at temperatures between 298 and 598 K 
[28]. Macroscopic shear patterns produced by 
pressing routes A, B, and C are illustrated sche- 
matically in Fig. la, b. The deformation character- 
istics of routes A, B, and C have been described 
previously in the literature [27,29,30]. 

Following ECAP, microstructural observations 
were made using specimens cut either parallel or 
normal to the longitudinal axis as shown in Fig. 1; 
here X is the plane perpendicular to the longitudi- 
nal axis of the sample, and 7 and Z are the planes 
parallel to the size faces and to the top face at the 
point of exit from the die, respectively. For optical 
and scanning electron microscopy (SEM) examin- 
ation, samples were polished and etched with a sol- 
ution of 4% HF, 20% perchloric acid, and 76% 
distilled water. Specimens for transmission elec- 
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Fig. 1.   (a) Macroscopic shearing path associated with a single passage, (b) Macroscopic shearing patterns associated with different 
processing routes, (c) Schematic diagram of the sectioning of pressed samples for microstructural observation. 

tron microscopy (TEM) were prepared by mechan- 
ically thinning samples to -40 |om followed by 
twin jet polishing with a solution of 5% perchloric 
acid, 35% butanol, and 60% methanol. Polishing 
was conducted at 233K using a voltage of 40V. 
TEM images and corresponding selected area dif- 
fraction (SAD) patterns of each sample were 
obtained at 200 kV in a JEOL JEM 2010. XRD 
analyses were conducted to determine the texture 
of the samples prior to and after pressing. 

3. Results 

3.1. Microstructure developed during the first 
ECAP pass 

Fig. 2a shows an optical micrograph of the as- 
annealed titanium used as the starting material. The 
grain structure was equiaxed with an average size 
of -100 Pm. During the first ECAP pass, fine 
microstructural features inclined -30° to the longi- 
tudinal direction were developed (Fig. 2b). (The 
micrograph in Fig. 2b was taken from the 7 plane. 
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Fig. 2.   Optical and SEM micrographs of as-annealed and as-pressed (single pass) Ti: (a) as-annealed and (b-d) as-pressed. 

Hereafter, the plane of micrograph is the Y plane 
unless specified otherwise.) A homogeneous shear 
strain of 1.83 would produce a rnicrostructural tex- 
ture lying at 28.6° ( = 90-tan-1 1.83) to the 
longitudinal direction. Hence, the directionality of 
this macrostructure is reasonable. The morphology 
of the inclined features was similar to the flow 
lines observed in metals with fee and bec crystal 
structures after a single ECAP pass [7,8,26,29]. 
Initially, the flow lines were attributed to the for- 
mation of fine shear bands during the pressing 
operation. Observation of the fine features in 
titanium at a higher magnification, however, 
revealed that they consisted of deformation twins 
(Fig. 2c). In particular, grains with three distinct 
microstructures, marked A, B, and C, were 
observed. In A, twins spanning the entire grain 
were formed parallel to the flow lines. On the other 

hand, the twins in B were inclined approximately 
40° to the orientation of the deformation zone of 
the pressing, and were observed to include micro- 
twins inside. Inasmuch as the optical microstrac- 
ture of C was not as evident as those of A and B, 
SEM observation of this region was required for a 
detailed analysis (Fig. 2d). As shown in the figure, 
the grain contained micro-twins whose width was 
less than 1 |im. Thus, all of the observations after 
the first ECAP pass revealed deformation twins 
either on a macro- or a micro-scale. 

A TEM micrograph of the structure developed 
during the first ECAP pass is shown in Fig. 3. 
Elongated parallel bands with a width of-0.07 Pm 
were observed. These bands were similar in 
appearance to slip bands formed in cubic metals 
[4,5,17], but were much finer. The width of the slip 
bands in the previous work was generally greater 
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Fig. 3.   (a) TEM micrograph of Ti after a single ECAP pass and (b) the corresponding SAD pattern. 

than 0.2 Pm. A SAD pattern from a region contain- 
ing two adjacent bands (marked "A" in Fig. 3a) 
was taken using a [1210] zone axis (Fig. 3b). The 
mirror spots of the [1210] diffraction pattern 
appeared with respect to the (1011) plane, indicat- 
ing that the two adjacent bands constituted a 
{1011} twin structure. The same twin system was 
consistently observed for more than 50 different 
regions, even from twins aligned differently in the 
same grain. In addition, the dislocation density 
within the bands was approximately 1013/m2, a 
value much lower than that typically developed in 
heavily deformed cubic metals, i.e., ~1015/m2 [1,4]. 
No indication of a reduction in dislocation density 
via recovery was found in the TEM micrographs. 

These results suggest that titanium deforms 
primarily via {1011} deformation twinning during 
the first ECAP pass, rather than by slip as is found 
in cubic materials [7,8,26,29]. This result differs 
with previous findings that titanium deforms 
mainly by slip of a-type dislocations above ambi- 
ent temperature and that twinning assists the acti- 
vation of secondary slip systems [20,21]. Further- 
more, deformation twins were found only on 
{1011} planes, even though samples were pressed 
at 623 K. A previous report indicated that defor- 
mation twinning on {1011} planes was preferred 
at temperatures above 673 K [21]. Twins on 
{1012}, {1121}, and {1122} planes have been 
reported to occur at lower temperatures. Several 
factors, including the constraint imposed during the 
pressing, the shear mode of deformation, and the 

large shear and high shear rate, may have induced 
the {1011} twinning system to operate at lower 
temperature. In addition, the shear strain that is 
developed by {1011} deformation twinning has 
been reported to be only ~0.1 [31], or a level which 
is much smaller than that imposed by the ECAP, 
~1.83. The mode of deformation twinning during 
ECAP, therefore, must be different from that 
observed in conventional deformation processes. 
Thus, further detailed study of the source of this 
behavior is warranted. 

In order to investigate texture formation during 
ECAP, texture analyses were conducted on 
samples in the as-annealed condition as well as 
after the first ECAP pass (Fig. 4). In Fig. 4a, the 
(1010) pole figure, taken from a plane normal to 
the extrusion direction, shows that the texture of 
the annealed sample is weak. This indicates that 
the annealing treatment removed any remnants of 
a possible fiber texture in the as-received material. 
After the first ECAP pass, however, a strong 
(0002) texture was observed (Fig. 4b). The texture 
formed during the first ECAP pass may also have 
played an important role in the transition in the 
deformation mode. 

3.2. Microstructures developed during the 
second ECAP pass 

The microstructure developed during the second 
ECAP pass was a strong function of the specific 
processing   route.    The    structures   that   were 
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Fig. 4. Pole figures of Ti: (a) from a cross section of extruded 
bar after annealing, (b) from a longitudinal section after a sin- 
gle pass. 

developed are summarized in the sections that fol- 
low. 

3.2.1. Route C 
Optical and SEM micrographs of the structure 

developed during the second pass via route C (in 
which the shear is fully reversed during successive 
passes by 180° rotation of the billet between 
passes, Fig. la) are shown in Fig. 5a, b. After the 
second pass, the flow lines associated with the sim- 
ple shear deformation of the first pass appeared to 
be randomly oriented, thus resulting in a relatively 
homogeneous microstructure (Fig. 5a). This obser- 
vation is in accord with the fact that the original 
macrostructure tends to be restored after every 
even pass of route C [3-7]. Nevertheless, an SEM 
micrograph at higher magnification (Fig. 5b) 
revealed remnants of micro-twins, which were sev- 

erely distorted and segmented compared with those 
after the first pass (Fig. 2d). 

Fig. 5c shows a TEM micrograph and SAD pat- 
tern of the sample given two passes via route C. 
As shown in the figure, the dislocation density was 
increased significantly compared to that in Fig. 3 a. 
The SAD pattern taken parallel to the [1210] zone 
axis from the region marked "A" in Fig. 5c 
revealed that the band still had the {10fl} twin 
plane, although the plane was slightly misaligned 
by ~3°. Hence, dislocation activity during the 
second pass must have rotated the twins developed 
during the first pass. 

In order to analyze the characteristics of the dis- 
locations in the twin bands, two-beam TEM images 
were taken with the (1010) (Fig. 5d, e) and (0002) 
(Fig. 5f) beam, respectively. The two-beam images 
with (1010) and (0002) spots can reveal dislo- 
cations of a slip and c + a slip character, respect- 
ively [21]. From Fig. 5e, f, it was determined that 
twin bands with numerous a dislocations alternated 
with bands with numerous c + a dislocations. 

In the twin bands, low angle boundaries were 
surrounded with dislocations of a-slip character, as 
shown in Fig. 5d, e. In addition, the low-angle 
boundaries in Fig. 5d (indicated by arrows) were 
aligned approximately normal to the g vector of 
(1010) and were found to be parallel to the [0002] 
direction [29,30]. This indicates that a slip 
occurred on {10f0} planes, or the main slip system 
commonly found for titanium. In addition, the 
micrographs showed that the dislocations were 
blocked at the twin boundaries. This indicates that 
twin boundaries acted as obstacles for dislocation 
movement. This phenomenon has been generally 
observed in hep metals plastically deformed by rol- 
ling or drawing [32,33]. Fig. 5f shows an enlarged 
dark field image of a twin band containing c + a 
dislocations. In this band, the density of c + a dis- 
locations was very high, and most of them were 
aligned parallel to the twin boundary without the 
formation of low-angle boundaries. 

3.2.2. Route B 
Optical and SEM micrographs of the structure 

developed during the second pass via route B (in 
which the billet is rotated 90° after the first pass) 
are shown in Fig. 6a, b. Alignment of the metal 
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Fig. 5.   Micrographs of Ti after the second ECAP pass via route C: (a) optical, (b) SEM, and (c) TEM with SAD pattern; and (d) 
(lOfO) bright field, (e) (lOfO) dark field, and (f) (0002) dark field images. 
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Fig. 6.   Micrographs of Ti after the second ECAP via route B: (a) optical, (b) SEM, (c) TEM with SAD pattern, and (d) TEM 

(higher magnification). 

flow lines after the second pass remained almost 
the same as after the first pass except the spacing 
was decreased. SEM observation of the sample 
revealed that most of the shear traces were aligned 
parallel to the orientation of the deformation zone 
of the second pass. Fig. 6c, d shows TEM micro- 
graphs and the corresponding SAD pattern of the 
sample after the second pass via route B. Nearly 
equiaxed grains approximately 0.07 um in diam- 
eter were formed; some of these grains had a high 
dislocation density. When examined under two- 
beam dark field imaging conditions, most of the 
dislocations were found to be a-type. 

The SAD pattern of the sample in Fig. 6c con- 
sisted of a number of strong spots diffused at an 
angle of ~15°. This angle is the maximum angular 
difference between grains within the viewing area 

of the SAD and indicates that most of the neighb- 
oring grains have characteristics of low-angle 
boundaries. Although characteristic mirror-type 
diffraction spots from a twinning system were not 
evident, strong {1011} spots to its normal direction 
were formed, indicating that the bands were for- 
med on {1011} planes. In addition, the thickness 
fringes in the vicinity of the band boundaries were 
narrow, probably due to a parallel alignment of the 
band interfaces to the beam direction. These results 
indicate that the bands may have been the remnant 
of deformation twin bands from the first ECAP 
pass. The twin bands would have been rotated and 
distorted severely during the second pass. A TEM 
micrograph at a higher magnification (Fig. 6d) 
showed fine grains near coarse ones with well- 
developed grain boundary  fringes.   Convergent 
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beam electron diffraction (CBED) analysis con- 
firmed that most of the fine grains had boundaries 
which were high-angle in character. 

3.2.3. Route A 
Optical and SEM micrographs of the structure 

developed during the second pass via route A (in 
which the billet is not rotated between passes) are 
shown in Fig. 7a, b. As expected, the metal flow 
lines were inclined at a greater angle to the longi- 
tudinal axis of the sample, and their spacing 
became more homogenous. A homogeneous shear 
strain of 3.66 ( = 2 x 1.83) would produce an 
inclination of 90°-tan- ! 3.66 = 15.3°, in 
approximate agreement with the observed macros- 
tructure. The SEM micrograph revealed that most 
of the shear traces consisted of micro-twins nearly 

aligned to the longitudinal direction. Some of the 
twins, however, were aligned approximately 45° to 
the direction of the shear traces, which is similar 
to grain B of the sample after the first pass (Fig. 
2b). The alignment of the shear traces after the 
second pass was more pronounced and their pitch 
was finer compared with that after the first pass. 
The increased alignment of shear bands to the 
longitudinal direction in aluminum alloys and car- 
bon steels processed via route A has also been 
observed [9,30]. 

Fig. 7c shows TEM micrographs and the corre- 
sponding SAD pattern of the sample processed by 
route A. The width of the twin bands was reduced 
to approximately 0.05 |im after the second pass. 
The SAD pattern of the sample showed that the 
twin plane was unchanged from the first pressing, 

*M» 

Fig. 7.   Micrographs of Ti after the second ECAP pass via route A: (a) optical, (b) SEM, (c) TEM with SAD pattern, and (d) TEM 

(higher magnification). 
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i.e., {1011}. The spots of the SAD pattern, how- 
ever, were diffused by an angle of- 5°, indicating 
that the twin bands were rotated slightly during the 
second pass. The dislocations in the bands were 
distributed uniformly and were determined to be a 
slip in character from two-beam dark field images. 
As shown in Fig. 7d, {1011} micro-twins 
(indicated by arrows in the figure), aligned ~60° to 
the band direction, were clearly observed within 
the twin bands. Such micro-twins were not 
observed in samples processed via routes B or C. 

4. Discussion 

4.1. Deformation mechanism during the first 
ECAP pass 

During the deformation of hep metals, dislo- 
cation glide typically accommodates most of the 
imposed strain, and deformation twinning assists 
in the activation of secondary slip systems at tem- 
peratures higher than ambient. During the ECAP 
of commercial-purity titanium, however, the shear 
strain imposed during the initial pass (-1.83) 
appeared to be accommodated mainly by twinning 
on {1011}-type planes. In the twin bands, the dis- 
location density was approximately 1013/m2, which 
is significantly lower than that observed in steel 
after a single ECAP pass, namely, 1015~1016/m2. 
The measured dislocation density in the present 
work seems to be too low to accommodate the 
shear strain imposed by the pressing, -1.83. There- 
fore, titanium during the first ECAP pass must have 
deformed mainly by twinning, rather than by slip 
associated with the glide of dislocations. In previous 
work, the high strain rate deformation of titanium 
with a coarse grain structure has been reported to 
promote deformation twinning even at high tem- 
peratures [33]. In the present work, the strain rate 
during ECAP was estimated to be -10'1 s'1 [34], 
which should not have promoted deformation twin- 
ning. 

Paton and Backofen [21,31] concluded that the 
{1011} twinning (the so-called "b4" mode) of 
high-purity, single crystalline alpha titanium can 
accommodate a shear strain of only -0.1. There- 
fore, the shear strain associated with twinning via 

the b4 mode is not large enough to accommodate 
the strain imposed by a single ECAP pass. Even 
if several different twins of {1011} family were to 
have been activated in each grain, the total strain 
that would have been accommodated would have 
been much less than that imposed. These obser- 
vations, i.e., low dislocation and high twin density 
in the pressed sample, suggest that the imposed 
strain should have been accommodated by twin- 
ning, especially by the {1011} type. Therefore, it 
seems that a different type of {1011} twinning 
modes must have been involved in the severe plas- 
tic deformation of titanium during ECAP. A pre- 
vious study showed that there are other possible 
{1011} twinning modes, i.e., the so-called b3 or 
bl modes, in which the shear strain is -0.55 and 
-1.44 [35]. These values are comparable with the 
shear strain imposed by the ECAP, i.e., -1.83. As 
discussed in Refs. [30,36], these modes are not pre- 
ferred ones due to the highly distorted state of core 
configuration, i.e., higher interfacial energy. The 
analysis, however, was conducted by assuming 
negligible disturbance of atomic arrangement and 
no other deformation mechanism except twinning. 
On the   other  hand,   the  present  investigation 
revealed that the new twinning modes, i.e., b3 or 
bl, might operate with atomic rearrangement com- 
prising severe distortion during ECAP. 

4.2. Deformation mechanism during the second 
ECAP pass 

As shown in Figs. 5-7, after the second ECAP 
pass, the density of dislocations with a or c + a 
slip directions had increased significantly and the 
density of twin bands remained almost the same 
compared with that developed during the first pass. 
This suggests that plastic strain is mainly accom- 
modated by slip, rather than by deformation twin- 
ning, during the second pass. Hence, the micro- 
structural changes that occurred during the first 
pass, such as grain-size refinement and texture for- 
mation, must have increased the critical resolved 
shear stress (CRSS) for twinning over that for dis- 
location slip. The grain size dependence of the 
CRSS for twinning has been described very well 
with the Hall-Petch relation. The slope of the 
relation for twinning has been determined to be an 
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order of magnitude larger than that for slip, 
although the reason for this difference is not fully 
understood [37-39]. This indicates that the rate of 
increase in the twinning stress should be much 
larger than that of dislocation slip as the grain size 
decreases. The most significant change in defor- 
mation parameters between the first and second 
pass of ECAP was the effective grain size of the 
sample due to a fact that twin boundaries have 
been reported to act as obstacles for slip [32,33] 
and dislocations during ECAP were shown to be 
blocked by the twin boundaries in the present work 
(Figs. 5-7). Therefore, the critical resolved shear 
stress (CRSS) for twinning must have been 
increased much more significantly compared with 
that of dislocation slip as the effective grain size 
of the titanium alloy was decreased from 100 to 
0.07 \im by ECAP, promoting the deformation by 
slip during the second pass. 

Using the measured texture (Fig. 4) formed dur- 
ing the first ECAP pass, the resolved shear stress 
on each slip system for the three different routes 
used for the second ECAP pass was determined. 
This comprised the calculation of a ratio similar to 
the classical Schmid factor to quantify the ratio of 
the shear stress on a specific slip system to the 
applied macroscopic shear stress during ECAP. 
These calculations made use of the crystallo- 
graphic relationship between the plane/direction of 
the shear stress imposed by the ECAP and the spe- 
cific slip system to calculate the resolved shear 
stress. The relationship between the macroscopic 
shear direction and the resolved shear stress on a 
slip system is schematically illustrated in Fig. 8. 

In route C, the macroscopic shear directions of 
the first and second pass are parallel to each other, 
but opposite in sense. Considering the {1011} 
twins formed during the first pass, the crystal 
orientation during the second pass of ECAP can be 
illustrated schematically as in Fig. 9a. From the 
pole figure in Fig. 4, the normal direction of the Z 
plane after the first pass was aligned with the 
(10f4) direction. In the twinned region, the Schmid 
factor for a slip on prism planes was estimated to 
be larger than that for a slip on the basal plane and 
for c + a slip (Table 1). Because prism a is the 
easiest slip mode (i.e., has the lowest CRSS) in 
titanium, a slip on prism planes should be the main 

Fig. 8.   Schematic diagram illustrating resolved shear stress on 
a slip system. 

deformation mechanism in the twinned region. The 
increased mobility of dislocations of a type on 
prism planes should also favor the formation of 
subgrains in the twinned regions (Fig. 5d). On the 
other hand, in the matrix region, the Schmid factor 
for c + a slip was much larger than that of a slip 
because the basal and prism planes were close to 
normal and parallel to the pressing (longitudinal) 
direction, respectively. In addition, it has been 
reported that the CRSS for c + a slip above 600 
K is similar to that for basal a slip [24]. Therefore, 
the matrix neighboring the twinned bands favored 
c + a slip. This crystallographic relationship 
should lead to the formation of alternating bands 
of either a or c + a dislocations, as was observed 
(Fig. 5). 

In route B, the sample is rotated 90° about its 
longitudinal axis between passes, i.e., the Z plane 
is changed to the Y plane. A schematic diagram of 
such an atomic arrangement is illustrated in 
Fig. 9b. In this route, one of the {1010} prism 
planes in the twinned region is inclined by -30° 
to the longitudinal axis on the 7 plane. Therefore, 
the Schmid factor for prism a slip is larger than 
that for any other deformation system, such as 
basal a slip, c + a slip, or {1011} ginning. This 
is in good agreement with the dislocations 
observed using two-beam TEM images (Fig. 6). In 
the matrix, the {1010} plane is inclined to the Y 
plane, but the resolved shear stress on this plane 
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Fig. 9. Schematic diagrams illustrating the relationship 
between the crystal orientation and the macroscopic shear direc- 
tions during the second ECAP pass: (a) route C, (b) route B 
and (c) route A. (—(black line), matrix region; —(grey line), 

twinned region). 

remains the same as that for the most highly 
stressed prism plane in the twinned region. There- 
fore, prism a slip in the matrix would be feasible, 
but the slip plane in the matrix is not parallel to 
that in the twinned region. This type of slip mode 

was observed indirectly in region A of Fig. 6; the 
fringes of grain boundaries indicated that low angle 
boundaries in one twin band were parallel to the 
(1010) beam direction, and those in the others were 
inclined. In addition, the crystallographic orien- 
tation between two adjacent twins makes it easy 
for dislocations to slip on the prism planes in each 
of the twins. This may promote the formation of 
small subgrains by dislocation cross slip (Fig. 6d). 

In route A, the macroscopic shear direction of 
the second pass is parallel to that of the first pass. 
In this case, the prism plane is inclined 28.6° to 
the twin plane in the matrix region (Fig. 9c) and 
has a smaller Schmid factor than that associated 
with slip on the basal plane. The CRSS of basal 
slip has been reported to be similar to that for 
prism a slip at temperatures above 673 K [11,24]. 
Therefore, basal a slip may become the dominant 
slip mode in the matrix region. In addition, the 
cross slip of a-type dislocations on basal planes is 
very limited due to the c-axis anisotropy, a factor 
which may explain why the formation of subgrains 
was not observed (Fig. 7). The lack of cross slip 
should also promote dislocation pileups at twin 
boundaries and cause a strong stain field at the twin 
boundaries, which may act as a source for defor- 
mation in neighboring layers, i.e., produce new 
{1011} micro-twins inside the original twins (Fig. 
7d). In the twinned region, c + a slip on the 
{1011} plane has a larger Schmid factor than prism 
or basal a slip, and thus c + a dislocations were 
observed here. 

5. Summary 

The slip and twinning behavior in commercial- 
purity, titanium was determined to elucidate the 
mechanisms of microstructure development during 
the ECAP process. During the first ECAP pass, 
titanium was observed to deform by deformation 
twinning. TEM analysis revealed that twinning 
occurred on {1011} planes. During the second 
ECAP pass, however, strain was accommodated 
primarily by dislocation-glide processes. The spe- 
cific slip system was strongly dependent on the 
processing route, i.e., route A, B, or C. Alternating 
twin bands containing prism a and c + a dislo- 
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Table 1 
Schmid factors for various slip mechanisms following different processing routes ([1014] is chosen as the normal direction on Z 
plane after the first pass of ECA pressing) ^  

Route C 

Route B 

Route A 

Matrix 
Twinned region 
Matrix 
Twinned region 
Matrix 
Twinned region 

a slip on basal plane        a slip on prismatic plane a+c slip on pyrimidal 
plane 

0.11 
0.21 
0.22 
0.21 
0.07 
0.43 

0.06 
0.25 
0.41 
0.39 
0.08 
0.23 

0.48 
0.21 
0.21 
0.21 
0.39 
0.22 

cations characterized deformation via route C, but 
basal a slip with deformation micro-twins com- 
prised the mechanism via route A. However, prism 
a slip was the main deformation mechanism in 
every twin band in route B. These results suggest 
that the texture formed during the first pass and the 
resolved shear stress for each slip system deter- 
mine the deformation mechanism during the 
second ECAP pass and thus must be carefully con- 
sidered in understanding microstructure develop- 
ment during equal-channel angular pressing. 
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Abstract 

Equal channel angular pressing of Ti-6A1-4V alloy was successfully carried out isothermally above 600 °C. The 
equiaxed microstructure presented more uniform material flow than the Widmanstätten microstructure, which was 
discussed in relation to flow softening behavior of the two microstructures. 
© 2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved. 

Keywords: Equal channel angular pressing; Ti-6A1-4V alloy; Microstructure; Flow softening 

1. Introduction 

The equal channel angular (ECA) pressing 
technique, one of severe plastic deformation pro- 
cesses, is generating great interest now-a-days due 
to its commercial potential for producing bulk 
ultra fine-grained (UFG) materials, which may 
exhibit enhanced strength and superplastic prop- 
erties [1]. Compared to other conventional forming 
methods such as rolling, extrusion, and drawing, 
the ECA pressing technique has two distinct ad- 
vantages. The first is that it imposes much higher 
plastic strain during single pressing, and the sec- 
ond is that it produces UFG materials without 
reducing the available dimensions for working 

'Corresponding author. Tel.: +82-54-279-2141; fax: +82-54- 
279-2399. 

E-mail address: cslee@postech.ac.kr (C.S. Lee). 

parts. In this regard, active research efforts have 
been made recently, and successful applications 
have been reported for various materials such as 
Al [2], Fe [3,4], and Ti [5]. 

However, earlier research concentrated on sin- 
gle-phase materials that exhibit higher ductility. 
Considering the industrial importance of two- 
phase materials, it is essential to establish optimum 
processing conditions of such difficult-to-fabri- 
cate materials. Recently, DeLo and Semiatin [6] 
investigated hot working of Ti-6A1-4V alloy via 
ECA pressing under non-isothermal conditions, 
but found significant amounts of surface segments 
in both equiaxed and Widmanstätten microstruc- 
tures after deforming the preheated (exceeding 
900 °C) billets. 

In this study, we investigated the optimum 
pressing temperatures under isothermal condi- 
tions. It was also pertinent to study the effect 
of initial microstructure on the formability of 

1359-6462/03/$ - see front matter © 2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved. 
PII:S1359-6462(02)00356-l 
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Ti-6AMV alloy. Finally, the microstructural 
evolution process was investigated by using 
transmission electron microscopy to verify the 
grain refinement of ECA pressed Ti-6A1-4V alloy. 

2. Experimental procedures 

The material used in this study was Ti-6A1-4V 
alloy with a chemical composition of 6.03A1, 
3.83V, 0.2Fe, 0.19O, 0.01C, 0.007N in weight 
percent and balance titanium. The as-received bi- 
modal microstructure was heat treated at 950 °C 
for 2 h and furnace cooled, resulting in an equi- 
axed microstructure with an average a grain size 
of 11 um. Widmanstätten microstructure was ob- 
tained, when the as-received alloy was heat treated 
at 1050 °C for 1 h and furnace cooled, representing 
an average colony size of 300 urn and a lamellar 
spacing of 4.0 urn. 

Rod type specimens (9.5 mm in diameter and 
80 mm in height) were machined for ECA press- 
ing. To determine the optimum pressing tempera- 
ture, ECA pressing was carried out isothermally at 
500, 600, and 700 °C, respectively, for the Wid- 
manstätten microstructure. The present die was 
designed to yield an effective strain of ~1 [4,7]. To 
reduce the friction between the die and the speci- 
men during ECA pressing, graphite powders were 
used as a lubricant. And the specimens were ro- 
tated 180° around their longitudinal axis between 
ECA pressings [4]. Hot compression tests were 
also carried out using a Gleeble 3800 machine at 
600 °C to compare the deformation characteristics 

of equiaxed and Widmanstätten microstructures. 
Rod type specimens (10 mm in diameter and 
12 mm in height) were compressed at a strain rate 
of 0.3/s until the height decreased up to 50%. 
Deformed specimens were sectioned along the 
compression (or pressing) axis, and the micro- 
structures were analyzed by optical microscopy 
and transmission electron microscopy. 

3. Results and discussion 

3.1. Effect of isothermal pressing temperature 

Fig. 1 shows the macroscopic sections of Wid- 
manstätten microstructures, which experienced a 
single ECA pressing pass under isothermal con- 
ditions at three different temperatures. At a low 
temperature of 500 °C, deformation was severely 
localized with pronounced shear bands and shear 
fractures (Fig. la), while deformation at high 
temperatures of 600 and 700 °C produced rela- 
tively uniform deformation throughout the speci- 
mens (Fig. lb and c). There was no significant 
difference in the macroscopic feature between 
specimens pressed at 600 and 700 °C. This tem- 
perature of 600 °C for the uniform low obtained 
in this study is quite low compared to those of 
earlier works [6]. These works reported that flow 
localization and fracture occur even at 900-985 °C. 
They performed ECA pressing under non-iso- 
thermal conditions, i.e., pressing the high temper- 
ature billets into a low temperature die (300 °C), 
which induced heat transfer from the specimen to 

Fig. 1. Macrographs of Widmanstätten microstructure after a single ECA pressing at isothermal temperatures of (a) 500 °C, (b) 600 °C, 
and (c) 700 °C, respectively. The arrow indicates pressing direction. 
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the die during ECA pressing. Consequently, the 
temperature of specimen surfaces dropped signifi- 
cantly, resulting in the formation of segments at 
the specimen surface. In contrast, our study per- 
formed under isothermal conditions did not show 
any noticeable segments at the surface even at 
much lower temperatures (600-700 °C) compared 
to those under non-isothermal conditions. How- 
ever, increasing the die temperature to 600 °C is 
not desirable in practical situation, since it can 
reduce die life significantly. Therefore, the roles of 
other processing variables (such as strain or strain 
rate) or microstructural factors (such as initial 
microstructures) on ECA pressing temperature 
have to be investigated. 

3.2. Effect of initial microstructure 

To understand the role of initial microstructure 
on ECA pressing of Ti-6A1-4V alloy, the equiaxed 
and Widmanstätten microstructures were pressed 
isothermally at 600 °C. Fig. 2 shows microstruc- 
tures and surface quality of two microstructures 
after a single pressing at 600 °C. Fig. 2a and b show 
two microstructures elongated along the shear 
direction and making an angle of 25-30° to the 
pressing direction. However, initial morphology 
was not significantly changed, revealing relatively 
uniform deformation in both microstructures. 
Comparing the surface quality of two bars, the 
equiaxed microstructure represented a smoother 

X 

(a)^fe 

(c) 

Ä'«Ä 

Fig. 2. Microstructures and surfaces after a single ECA pressing: (a,c) equiaxed and (b,d) Widmanstätten microstructure. The pressing 
direction is from left to right. Mark A shows lamellae kinking and bending in the Widmanstätten microstructure. 

L 
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surface than the Widmanstätten microstructure, 
which was in line with the observations of DeLo 
and Semiatin [6]. 

Widmanstätten microstructure represented 
poorer surface quality than the equiaxed mi- 
crostructure. Because the colony size of Wid- 
manstätten microstructure is much larger than the 
grain size of the equiaxed microstructure, planar 
slip deformation will occur easily in the Wid- 
manstätten microstructure, inducing severe flow 
localization at colony boundaries and/or prior ß 
boundaries. Consequently, the tendency for the 
formation of segments on the surfaces is expedited 
in the Widmanstätten microstructure. In earlier 
work on non-uniform flow, Segal [8] explained 
that unsteady flow might result from material 
softening and geometrical instability of the shear 
plane. However, his results could not provide 
sufficient explanation for flow localization phe- 
nomena in relation to microstructural factors. In 
this study, it was found that flow softening was 
closely associated with the microstructural change 
(for example, curling or bending of lamellae in the 
Widmanstätten microstructure) during the defor- 
mation. Recently, DeLo and Semiatin [6] investi- 
gated strain non-uniformity during ECA pressing 
of Ti-6A1-4V alloy, and reported that flow local- 
ization might be closely related to flow softening, 
i.e., the decrease of flow stress with an increase in 
strain. They used a flow-localization parameter, as 

suggested by Semiatin and Jonas [9], to quantify 
the degree of flow softening behavior. The brief 
description of as is given in Eq. (1). 

as 

where m is the strain rate sensitivity. The value of 
as must always be positive for flow localization to 
occur. The first term on the right-hand side in Eq. 
(1) relates to microstructure, and the second term 
is associated with the amount of heat transfer by 
temperature change during deformation. The es- 

timation on as can be simplified if the second term 
(indicating heat generation during the defor- 
mation) is negligible. In this study, the second term 
was neglected for the following two reasons. Pre- 
sent study on ECA pressing was carried out iso- 
thermally so that the specimen always kept its 
targeted temperature. Furthermore, according to 
the heat generation experiment using pure Al, 
temperature increase corresponded to about 40 °C 
with a pressing speed of 18 mm/s, and 0.3 °C with 
0.18 mm/s [10] which did not affect deformation 
behavior. The pressing speed used in this study 
was 2 mm/s, which would generate only several 
degrees of temperature, if any. From the afore- 
mentioned points, the ocs can be simplified as in Eq. 
(2). 

as- (2) 

In order to obtain a meaningful as value, it is 
important to carry out ECA pressing under iso- 
thermal condition. However, earlier work [6] esti- 
mated the as based on experimental data carried 
out under a non-isothermal condition that led 
to heat transfer between the workpiece and the 
die, resulting in a significant drop of workpiece 
temperatures during ECA pressing. Table 1 lists 
flow-localization parameter (<xs) values obtained by 
hot compression tests. Both equiaxed and Wid- 
manstätten microstructures represented positive as 
values, indicating that flow softening (and conse- 
quent flow localization) would occur in both mi- 
crostructures. However, it is important to notice 
that as of the Widmanstätten microstructure is 
approximately twice as large as that of the equi- 

Table 1 
ECA pressing condition (600 °C, 0.3 s"1) and deformation 
characteristics of equiaxed and Widmanstätten microstructures 
in relation to the flow-localization parameter (as) 

Equiaxed Wid- 
manstätten 

ding -0.091» -0.152a 

m 0.059 0.039 

as 1.54 3.90 
Microstructure after a sin- Uniform flow Segments 
gle pass of ECA pressing 
adJ£? was determined at e ss 0.3. 

1 
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axed microstructure, which agrees well with the 
experimental results shown in Fig. 2c and d. 

3.3. Microstructural evolution 

In order to ascertain how microstructures 
change during ECA pressing of Ti-6A1-4V alloy, 
equiaxed microstructures with superior surface 
quality were pressed isothermally with 4 ECA 
pressings at 600 °C. Fig. 3 shows bright field (BF) 
images of a phase by increasing the number of 
pressing operations. Fig. 3a shows the initial micro- 
structure with a low dislocation density. After a 
single ECA pressing, long parallel shear bands 
(0.2-0.3 .urn in width) were observed in the mi- 
crostructure (Fig. 3b). These boundaries were 
thought to be low-angle boundaries because the 
corresponding selected area diffraction (SAD) 
pattern comprised relatively regular spots. The 
microstructure after two ECA pressings consisted 
of equiaxed a grains with an average diameter of 
0.4 |im, while most of the parallel bands disap- 

peared (Fig. 3c). The corresponding SAD pattern 
started to form a ring pattern with diffused spots. 
The spreading of the diffraction spots indicates 
that the misorientation of boundaries is fairly 
large. After 4 ECA pressings, more refined equi- 
axed a grains (0.2-0.3 |am in diameter) were ob- 
served (Fig. 3d). From the ring pattern of the 
diffraction spots, it was inferred that most refined 
grains consisted of high angle grain boundaries. 
However, many boundaries were not clearly de- 
fined and showed some extinction contours inside 
the grains (Fig. 3d), implying that microstructure 
is not stabilized. In contrast, ß phase grains easily 
fragmented with an increase in ECA pressings 
(Fig. 4a and b). This phenomenon is attributed to 
the following: (a) low volume fraction of ß phase 
(10%), (b) thin strip morphology of ß phase, and 
(c) less capability of ß phase to accommodate 
severe plastic strains than a phase at 600 °C [11]. 
Detailed investigations on deformation charac- 
teristics, grain refinement mechanisms and refined 
grain stability are in progress. 

Fig. 3. TEM micrographs and SAD patterns of a phase in equiaxed microstructure showing microstructural evolution: (a) as-received, 
(b) 1 pass, (c) 2 passes, and (d) 4 passes of ECA pressing. 
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Fig. 4. TEM micrographs of ß phase in an equiaxed microstructure showing microstructural evolution after: (a) 1 pass and (b) 4 passes 

of ECA pressing. 

4. Summary 

1. ECA pressing was successfully carried out iso- 
thermally at 600 and 700 °C for both the equi- 
axed and Widmanstätten microstructures of 
Ti-6A1-4V alloy. 

2. After a single ECA pressing at 600 °C, the equi- 
axed microstructure showed smoother surfaces 
and more uniform material flow than the Wid- 
manstätten microstructure. 

3. A flow-localization parameter (as) was used to 
quantify flow softening amount for equiaxed 
and Widmanstätten microstructures. The as of 
the Widmanstätten microstructure was approxi- 
mately twice as large as that of the equiaxed 
microstructure, which agrees well with the ex- 
perimental results. 

4. By increasing the number of ECA pressings, 
most a and ß grains were significantly refined, 
revealing grains 0.2-0.3 pm in diameter consist- 
ing of high angle grain boundaries. 
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Chapter 4: Future work 

We believe that the aforementioned results achieved with the grant from the AOARD constitute a 

significant contribution to a fundamental understanding on the processing science necessary to produce ultra-fine 

grained (UFG) Ti andTi-6Al-4V alloy using ECAE process. For application o f the knowledge accumulated 

through the research to an actual processing of the alloys, however, a further study is needed in several areas. 

First, the texture formed during the first pass of ECAE of CP Ti must be investigated in order to control the 

grain refining route. The texture was observed to be associated mainly with the deformation twins. ECAE of the 

Ti at various temperatures, however, revealed that twinning is the predominant deformation mechanism only 

when the processing temperature is around 400°C. ECAE at temperatures higher or lower than 400°C resulted in 

plastic deformation via dislocation gliding. Currently, the change in deformation mechanism, and its influences 

on grain refinement and mechanical properties of pure titanium have not been understood clearly so far. This 

should provide some guidance for enhanced improvements in mechanical properties of commercially pure 

titanium. 

Secondly, the effect of microstructure of Ti-6A1-4V alloy on the localized shear deformation must be 

investigated further. A severe localized deformation in the ECAEed alloy was observed in the alloy with 

Widmanstätten microstructure. The sample with equiaxed microstructure, on the other hand, was deformed 

uniformly through the processing. The mechanism of localized shear bands formation during the ECAE must be 

controlled in order to obtain uniform deformation of the alloy. 

Finally, the superplasticity of Ti-6A1-4V alloy with submicron grains at higher strain rate would be a 

worthwhile pursuit. The results in the previous year revealed that the temperature of superplasticity could be 

decreased by more than 250°C with the sample processed by ECAE route. For practical application of the sample, 

however, it is necessary to obtain the superplasticity at higher strain rates. 


